Introduction
The petrochemical industry has an increasing need for effective non-destructive testing techniques to quantitatively evaluate areas of under or outer side metal loss due to pitting or local corrosion in oil storage tank floors. Magnetic flux leakage testing (MFLT) is a useful and reliable inspection tool for far-side metal loss flaws 1) 4) . There are two schemes for the application of MFLT to the inspection of defects in steel components. The normal method is for detecting crack or another type flaws in "near-side" of the materials 5), 6) and the method is for "far-side flaws" on the backside of the materials 7) 9) . Although a number of experimental and theoretical studies have been done about the normal MFLT method for near-side flaws, little detailed work has been done on quantitative evaluation, especially of the depth of far-side metal loss area in bottom floors, by the so called "far-side MFLT" method.
The present study was designed to obtain basic information for quantitatively evaluating the size of far-side corrosion flaws in bottom floors by the MFLT technique. An approach that considers both experimental and theoretical modeling of the simplified model flaws of local corrosion or pitting was adopted. First, experiments were performed on steel plate specimens containing artificial flaws with various depths and widths, such as flat-bottomed cylindrical holes and rectangular grooves in the backside of specimen plates. Then, theoretical expressions concerning the far-side magnetic leakage field were proposed for model flaws. Both analytical model calculations and experimental results suggested that the depth of flaws or residual plate thickness could be estimated by measurement of the strength and distribution of the vertical component of the magnetic leakage flux density arising from far-side flaws. Based of the results of study, an effective size evaluation procedure is proposed for application to oil storage tank floor inspection. A quantitative procedure based on the magnetic flux leakage technique was proposed to evaluate the size of metal-loss type flaws such as corrosion pits in oil storage tank bottom floors. The approach considers both experimental findings and theoretical modeling of the simplified model flaws of local corrosion or pitting. Experiments were carried out on steel plate specimens, which contained artificial flaws with various depths and widths, such as flat-bottomed cylindrical holes and rectangular grooves in the backside of the specimen plates. The experimental results suggested that the depth of the flaw or residual plate thickness could be estimated by measurements of the strength and distribution of the vertical component of the magnetic leakage flux density, which is affected by far-side flaws. Analytical model calculations confirmed these findings. Moreover, a practical evaluation procedure for sizing flaws or the residual thickness of metal loss area by this technique was developed. The far-side magnetic leakage flux density distributions for conical holes were also measured and calculated using the theoretical model to confirm the procedure, which corrects the amplitude of the calculated far-side magnetic leakage flux density distribution. The far-side magnetic leakage flux density distributions for conical holes could be reproduced using the procedure.
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Specimens and Experimental Procedure
The main target of this study was inspection of the bottom floors of oil storage tanks. Therefore, we used plain carbon steel plates of 12 mm and 22 mm thickness as the specimens. The flaw models for pitting and local corrosion in tank floors were two types of artificial flaw in the backside selected as extreme cases of local corrosion flaw profiles, which occur naturally. The artificial flaws consisted of a series of flat-bottomed cylindrical holes and rectangular grooves with various widths and depths. The magnetization characteristic curve for the specimen plates was examined and the value of saturated magnetic flux density (Bs) was estimated to be 1.6 (T) for the plain carbon steel used.
The experimental setup consisted of an electrically magnetizing yoke, a magnetic sensor, a controllable sensor positioner and a specimen as shown in Fig. 1 . The measurements of magnetic leakage flux density distribution were made using a Gaussmeter and an axial type Hall probe with an active area of 0.07 mm × 0.07 mm and a thickness of 0.1 mm inside the sensor head. The specimens were magnetized by direct current at a constant average magnetic flux density of 1.4 T and checked using a search coil and a flux meter. The Hall probe was scanned across the center of the flaws in small precise steps using a computer controllable positioning motor. At each step, the horizontal (Bx) and vertical (By) components of the magnetic leakage flux density in the upper spatial domain were accurately measured. Then, the acquired data of Bx and By were stored into a personal computer, for the correction of background noise due to stray fields arising immediately from the magnetizing yoke. In the experiment, the lift-off value, which is defined as the distance from the upper-surface of a specimen to the central position of Hall probe, was set to be constant. The lift-off value is denoted by "y" mm in this paper. Figure 2 shows the profiles of Bx for a series of flaw diameters from 4 to 12 mm in the specimens with flat-bottomed cylindrical holes of 8 mm in depth. The geometrical feature of the Bx distribution profile for far-side flaws of relatively smaller width was such that the maximum value of Bx was taken at the center of the flaw. In the case of the larger width flaws, the distribution of Bx was as shown in Fig. 3 , which is easily distinguished from that shown in Fig. 2 . That is, in Fig.  3 , the maximum values of Bx appeared as two peaks. . Thus, similar experiments for the specimen with a different thickness of 22 mm were performed. Apart from the fact that the increase in the plate thickness gave rise to weaker signals, the experimental results on the plate of 22 mm thickness exhibited similar trends to those shown in Figs. 7 and 8.
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Analytical Expressions for Far-side Magnetic Leakage Fields and Application to Flaw Sizing
1. Theoretical Calculations of the Magnetic Leakage Field
In the previous section, the behavior and the nature of the far-side magnetic leakage field, especially of the signal strength ∆By, with the flaw depth, width and plate thickness were discussed based on the detailed measurements. This section is concerned with the model calculations using the mathematical expressions proposed for a two-dimensional far-side flaw by Zhang and Sekine 7), 8) to confirm the evaluation scheme obtained experimentally for far-side flaws.
The practical and usable analytical model for magnetic leakage field arising from a far-side flaw deals with the equivalent double current model 7) with the basic geometry shown in Fig. 9 . In this model, the influence of the boundary surface between the mediums I and II is taken into consideration by the mirror image method 10) . The magnetic leakage field at a point(x, y), H(Hx, Hy) arising from the far-side slot in the medium II uniformly magnetized can be described as the following forms 7) ,
where the equivalent current moment I2 is given by (3) (H0: Applied magnetic field strength, µ: Relative permeability of the specimen) and the mirror image factor m2 due to the presence of boundary between the mediums I and II is given by (4) The other geometrical parameters in the above equations are denoted in Fig. 9 . Figures 10 and 11 show examples of the profiles for 
2. Amplitude Correction and Far-side Flaw Size Evaluation Procedure
The profile of calculated magnetic leakage flux density distributions is identical to the experimental profiles for real flaws shown in Figs. 4 and 5 . However, the peak-to-peak amplitudes ∆Hy/H0 do not completely agree with the ∆By in the measured far-side magnetic leakage flux density distribution. Thus, since ∆By in the measured far-side magnetic leakage flux density distribution is linear to the flaw sectional area as shown in Fig. 8 , ∆By can be predicted from Fig. 8 if the flaw sectional area is obtained. The peak-to-peak amplitude, which is estimated by using Fig. 8 , is denoted as the "corrected ∆By." The peak-to-peak amplitudes ∆Hy/H0 of the calculated magnetic leakage flux density distributions were corrected by the corrected ∆By, which is estimated from Fig. 8 after calculation of the flaw sectional area. Figure 12 shows the corrected magnetic leakage flux density distributions, which are completely identical with the amplitude and the profile of far-side magnetic leakage flux density distributions shown in Fig. 4. Figure 13 shows the relationship between the corrected amplitude of calculated magnetic leakage flux density distribution and flaw depths. The agreement between Fig. 7 (experimental result) and Fig. 13 (theoretical result) is fairly good. That is, flaw sizes can be evaluated by the conversion from ∆Hy/H0 to corrected ∆By, which is based on experimental data. The flaw sizes of specimens of 22 mm thickness could also be evaluated by the above procedure.
Moreover, for extension to other types of flaws, farside magnetic leakage flux density distributions from conical holes were measured and calculated using the analytical expression of the conical hole 11) to confirm the procedure which corrects the amplitude of the calculated magnetic leakage flux density distribution. The amplitudes of the calculated magnetic leakage flux density distributions from conical holes were corrected using results and sectional view of a specimen with conical holes are shown in Fig. 14. Although Fig. 8 did not include information about far-side magnetic leakage flux density distributions from conical holes, the corrected far-side magnetic leakage flux density distribution of the theoretical model was almost the same as the experimental results after using the procedure, which corrects the amplitude of calculated magnetic leakage flux density distribution. The conclusion from this theoretical approach and the above procedure is a valuable aid for evaluating far-side corrosive type flaws.
Conclusion
We have proposed a basic scheme of quantitative evaluation for far-side corrosive type flaws using the MFLT. The combined use of theoretical model expressions and experimental data measured for farside model flaws in reference test specimens provides a practical estimation procedure for backside metal loss area in oil storage tank bottom floors.
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